SUMMARY
Mechanoelectrical feedback may increase arrhythmia susceptibility, but the molecular mechanisms are incompletely understood. This study showed that mechanical stretch altered the localization, protein levels, and function of the cation-selective transient receptor potential channel (TRPC)-6 in atrial endocardial cells in humans, pigs, and mice. In endocardial/myocardial cross-talk studies, addition of media from porcine atrial endocardium (AE) cells altered the calcium (Ca 2þ ) transient characteristics of human-induced pluripotent stem cell-derived cardiomyocytes. These changes did not occur with media from stretched AE cells. Our data suggested that endocardial TRPC-6-dependent paracrine signaling may modulate myocardial Ca entry"), and mechanical stimuli such as stretch, flow and osmotic pressure (2) (3) (4) (5) . Whether TRPC-6 channels are directly or indirectly gated by mechanical factors is controversial (3, 6, 7) , although a recent patch clamp study that examined TRPC-6 activity of liposomereconstituted channels suggested that these channels are inherently mechanosensitive (8) . Channel activity is also regulated by post-translational modification at several key glycosylation and phosphorylation sites (9, 10) . TRPC-6 is highly expressed in vascular smooth muscle cells, where it mediates vasoconstrictor and proliferative responses to increased intra-arterial pressure (4, 11, 12) . In ventricular cardiomyocytes, TRPC-6 is believed to contribute to excitation-contraction coupling, stretch-induced membrane depolarization, and pathological myocardial hypertrophy (13) . Transgenic mice with TRPC-6 overexpression show exaggerated ventricular hypertrophy when subjected to transverse aortic constriction (TAC) (14) . In contrast, mice that express a dominant negative TRPC-6 are relatively protected from TAC-induced hypertrophy (15) . TRPC-6 is also present in sinus node cells, cardiac myofibroblasts, intracardiac ganglia, and in coronary artery smooth muscle cells, pointing to pleiotropic roles extrinsic to cardiomyocytes (CMs) (16) (17) (18) (19) .
Ca 2þ influx through TRPC-6 channels has been implicated in endothelial permeability and initiation of inflammatory signaling pathways in the peripheral vasculature (20) . However, little is known about well as having adverse effects on underlying smooth muscle cells (21) . Similarly, the ventricular endocardium is stretch-responsive, with local and paracrine effects that modify myocardial contractility and rhythmicity (22) . Mechanical stretch is known to be a determinant of atrial size and function, and mechanoelectrical feedback has been linked to arrhythmia susceptibility (23, 24) . However, whether the atrial endocardium (AE) might have a role in this process has not been established.
In this study, we investigated the hypothesis that endocardial TRPC-6 is required for mechanical stretch responses in the atrium. The aims of our study were:
1) to characterize TRPC-6 localization, protein levels, and activity in the AE at baseline and under conditions of mechanical stretch; and 2) to determine the consequences of stretch-induced endocardial TRPC-6 activation on myocardial function. Our data provided new insight into the roles of the AE and TRPC-6 channels in cardiac mechanotransduction and defined a novel cross-talk mechanism between AE and contractile CMs aside the Frank-Starling mechanism. Table 1 ). TRPC-6 was located along the A NOVEL PORCINE PRIMARY AE CELL CULTURE MODEL. To further evaluate the effects of atrial stretch, we established a novel primary AE cell culture model using tissue obtained from normal porcine atria.
METHODS

An expanded
We verified the general endothelial cell phenotype of these AE cells by comparison with the wellcharacterized HUVECs using standard criteria (26, 27) . 
Detailed description of AE cell isolation and characterization is included in
EFFECTS OF STRETCH ON AE TRPC-6 EXPRESSION.
With immunofluorescence labeling, TRPC-6 was
Atrial Endocardial TRPC-6 Channels (A) Immunofluorescence evaluation of transient receptor potential channel (TRPC-6) (green) in atrial tissue from mice subjected to thoracic aortic constriction (TAC) (bottom row) and in sham-operated animals (top row). In sham-operated mice, endocardial TRPC-6 is present as a thin green line, co-localizing with the endothelial-specific cell-membrane marker PECAM-1 (red). Fourteen days post-TAC, endocardial TRPC-6 was mostly located around and within the nuclei. Similar re-distribution of endocardial TRPC-6 was seen in human right atrial tissue samples (B) from patients with (bottom row) and without (top row) a history of atrial fibrillation (AF). Cell nuclei are outlined by 4 0 ,6-diamidino-2-phenylindole (blue). Scale bar ¼ 10 mm.
Atrial Endocardial TRPC-6 Channels Nikolova-Krstevski et al.
Atrial Endocardial TRPC-6 Channels Atrial Endocardial TRPC-6 Channels functional TRPC-6 at the cell surface (Supplemental Figure 10C ).
To evaluate endocytosis, we looked at the cellular uptake of dil acetylated-low density lipoprotein (DilAc-LDL). After 24-h stretch, there was increased intracellular accumulation of Dil-Ac-LDL compared with non-stretched AE cells. There were no differences in Dil-Ac-LDL staining between stretched and nonstretched cells when endocytosis was blocked using dynasore, a dynamin inhibitor (Supplemental Figures 11A and 11B ). Dynasore treatment also partially rescued TRPC-6 mislocalization in the stretched cells; channel internalization from the cell membrane was prevented, but translocation into the nucleus was not (Supplemental Figure 11C, arrows) .
Collectively, these data show that chronic stretch is Nikolova-Krstevski et al.
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DISCUSSION
Data from our own group and others have shown that TRPC-6 is diffusely present in ventricular and atrial
CMs and is involved in development of pathological myocardial hypertrophy (14, 15, 30, 31) . We focused on an unexplored role of TRPC-6 in AE function. We found that TRPC-6 is present in AE cells and that its
Nikolova-Krstevski et al. iPS ¼ induced pluripotent stem; other abbreviations as in Figures 1 and 2 .
Atrial Endocardial TRPC-6 Channels Whether TRPC-6 contributes to this and/or other Ca 2þ -dependent nuclear processes, including transcriptional regulation, remains to be determined.
Any potential roles of TRPC-6 in nuclear function might be independent of its activity at the cell surface because blocking endocytosis in chronically stretched cells did not prevent its nuclear translocation.
To exhibit direct mechanosensitivity, ion channel activity needs to be altered by a membrane parameter (i.e., bilayer thickness, curvature, and/or a lateral pressure profile) that changes with mechanical deformation (36) . regulates myocardial Ca 2þ homeostasis in the normal intact atrium, how AE function is altered in disease states, and whether TRPC-6-targeted therapies are effective.
